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Neurons, like all cells, face the problem that tubulin
forms microtubules with too many or too few protofi-
laments (pfs). Cells overcome this heterogeneity with
the g-tubulin ring complex, which provides a nucle-
ation template for 13-pf microtubules. Doublecortin
(DCX), a protein that stabilizes microtubules in devel-
oping neurons, also nucleates 13-pf microtubules
in vitro. Using fluorescence microscopy assays, we
show that the binding of DCX tomicrotubules is opti-
mized for the lateral curvature of the 13-pf lattice.
This sensitivity depends on a cooperative interaction
wherein DCX molecules decrease the dissociation
rate of their neighbors. Mutations in DCX found in
patients with subcortical band heterotopia weaken
these cooperative interactions. Using assays with
dynamic microtubules, we discovered that DCX
binds to polymerization intermediates at growing
microtubule ends. These results support a mecha-
nism for stabilizing 13-pf microtubules that allows
DCX to template new 13-pf microtubules through
associations with the sides of themicrotubule lattice.
INTRODUCTION
Microtubules are long polymers of the protein tubulin that are
essential to brain development and function. Neuronal migration,
differentiation, and maturation each require the active remodel-
ing of the neuron’s microtubule cytoskeleton (Conde and
Ca´ceres, 2009). Neurons and other cells must (1) nucleate new
microtubules, (2) efficiently elongate these nascent microtu-
bules, (3) selectively stabilize the microtubules they need, and
(4) break down those they do not. A central question is how cells
control the architecture of their microtubules, both in terms of the
length of individual microtubules but also their thickness,
meaning the specification of a 13-protofilament (pf) lattice.
Microtubules are ‘‘plastic’’ polymers (Kueh and Mitchison,
2009), which is to say that tubulin can form structures that differ
in their lateral and longitudinal curvature. This plasticity is made
possible by flexibility in the links between tubulin dimers andmay
give microtubules their unique mechanical properties (Sui and
Downing, 2010), such as a length-dependent persistence lengthDeve(Pampaloni et al., 2006). Cells use different microtubule curva-
tures to their advantage; for example, outwardly curved pfs
may enable cells to couple kinetochores to shrinkingmicrotubule
ends during mitosis (Koshland et al., 1988; Mandelkow et al.,
1991). Structural plasticity also creates a challenge, however,
in terms of controlling the number of pfs in the lattice. Microtu-
bules form in a range of thicknesses when grown in cell extracts
(Chre´tien et al., 1992) or in vitro (Wade and Chre´tien, 1993).
Some have fewer than 13 pfs, whereas some have more. This
heterogeneity is at odds with the uniform 13-pf microtubules
observed in the majority of cell types (Tilney et al., 1973). Micro-
tubules with toomany or too few pfs have a supertwist in their pfs
that causes motor proteins to spiral around the microtubule
during intracellular transport (Ray et al., 1993). The disadvan-
tages of such spiraling may explain the preference of most cells
for 13-pf microtubules.
Cells overcome the intrinsic heterogeneity in pf number via
the centrosome (Evans et al., 1985), where the g-tubulin ring-
complex (g-TuRC) (Zheng et al., 1995) provides a 13-pf nucle-
ation template to ensure a uniformmicrotubule thickness (Moritz
et al., 2000). Microtubules elongate from the g-TuRC, which can
remain attached as a minus-end cap (Keating and Borisy, 2000).
What we do not understand is how microtubule thickness is
controlled in regions devoid of g-tubulin, such as neuronal
processes (Baas and Joshi, 1992), or how the 13-pf lattice is
maintained against defects that distort it during growth (Chre´tien
et al., 1992). Doublecortin (DCX), a microtubule-associated
protein (MAP) expressed in developing neurons (Gleeson et al.,
1999), also nucleates uniform 13-pf microtubules in vitro
(Moores et al., 2004), making it the first MAP after g-tubulin to
influence microtubule thickness. The g-TuRC’s template mech-
anism was recently shown to originate from an intrinsic 13-fold
symmetry of a minimal component set of the g-TuRC (Kollman
et al., 2010). DCX must specify 13-pf microtubules through
a different mechanism, however, as DCX binds to the sides,
not the base, of the lattice (Fourniol et al., 2010).
DCX was discovered in 1998 in a screen of patients with
subcortical band heterotopia (‘‘double cortex syndrome’’) and
X-linked lissencephaly (des Portes et al., 1998b; Gleeson
et al., 1998), a malformation of the cerebral cortex caused
by a failure in neuronal migration. The spectrum of this disease
ranges from refractory epilepsy to severe mental retardation.
DCX is enriched along the lengths of microtubules in the leading
process of migrating neurons (Gleeson et al., 1999; Francis
et al., 1999), extending immature neurites, and growth cones
(Tint et al., 2009). RNAi of DCX caused a failure in radiallopmental Cell 23, 181–192, July 17, 2012 ª2012 Elsevier Inc. 181
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Figure 1. DCX Preferentially Binds 13-pf Microtubules
(A) Schematic of DCX-GFP. The two DC- domains (labeled) are joined by a linker (labeled) and flanked by polypeptides. The C-terminal polypeptide is enriched in
S/P residues (labeled). The GFP-tag is C-terminal.
(B) Plot of absorbance at 350 nm versus time for tubulin alone (red), DCX-GFP alone (blue), and DCX-GFP with tubulin (green). DCX- GFP with tubulin produced
a significant increase in absorbance, indicating microtubule formation.
(C) Schematic of the single-molecule assay.
(D) Schematic drawing of an axoneme (labeled), which nucleates axoneme microtubules (MTs) with >90% 13-pf.
(E) Chemical drawing of GMPCPP, which nucleates GMPCPP-MTs with >96% 14-pf.
(F) Image of axoneme-nucleatedmicrotubules (white arrow) and GMPCPPmicrotubules in the samemicroscope chamber (MTs); image of DCX-GFP exposed to
these microtubules (DCX-GFP); color-combined image of axoneme-MTs, GMPCPP-MTs, and DCX-GFP. The DCX-GFP preferentially binds to the 13-pf
axoneme MTs.
(G) Schematic of a mixed population of MTs nucleated from purified tubulin.
(H) Image of the mixed population of rhodamine-labeled microtubules (MTs); image of DCX-GFP exposed to this mixed population (DCX-GFP); color-combined
image of MTs and DCX-GFP. Note that DCX-GFP binds preferentially to a subset of the mixed population, corresponding to the 13-pf subset, and that DCX-GFP
binds to segments within individual microtubules (white arrow).
See also Figure S1.
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Doublecortin Makes 13-Protofilament Microtubulesmigration of cortical neurons in rats (Bai et al., 2003) consistent
with the disease phenotype; in cultured neurons, RNAi caused
reductions in collateral branching (Tint et al., 2009), axon elonga-
tion, and dendrite arborization (Deuel et al., 2006). A prominent
model is that DCX contributes to brain development through
the stabilization of microtubules in the leading process of
migrating neurons and other neuronal processes (Horesh
et al., 1999), although the molecular mechanism of stabilization
remains undefined.182 Developmental Cell 23, 181–192, July 17, 2012 ª2012 Elsevier InAnalysis of patient mutations identified tandem domains
(Taylor et al., 2000), the N-terminal Doublecortin domain
(N-DC) and the C-terminal Doublecortin domain (C-DC) (Fig-
ure 1A). The DC domains have a common ubiquitin-like fold
(Kim et al., 2003) but are divergent in their primary sequence
(Reiner et al., 2006). In vitro experiments showed that DCX stim-
ulates the bulk rate of microtubule formation (Taylor et al., 2000),
a result interpretable in light of the subsequent observations that
DCX increases the number of nuclei formed in vitro (Mooresc.
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Doublecortin Makes 13-Protofilament Microtubuleset al., 2004) and also decreases the frequency of catastrophe
and the rate of postcatastrophe shrinkage (Moores et al.,
2006). Recently, electron microscopy has shown that a single
DC domain binds to microtubules at the vertex of four tubulin
dimers in the groove between pfs (Fourniol et al., 2010), a binding
site that DCX shares with the microtubule end-tracking protein
EB1 (Maurer et al., 2012). The microtubule saturates at one
full-length DCX molecule per vertex (Moores et al., 2006), and
the binding site is most-likely occupied by the N-DC domain
(Fourniol et al., 2010). A large portion (75%) of the molecule
was not resolved in the EM reconstruction, however. Impor-
tantly, single DC domains alone are not sufficient to stimulate
microtubule formation (Taylor et al., 2000) and thus the core
molecular mechanism of DCX remains unsolved. We wanted to
know the nature of this core mechanism and whether it is impor-
tant to the interaction of DCX with microtubules during brain
development. We also wanted to know how DCX might specify
13-pf microtubules in vitro.
We chose to address these questions using a single-molecule
fluorescencemicroscopy assay.We discovered that DCX recog-
nizes 13-pf microtubules through a cooperative interaction
between adjacent DCXmolecules that reduces their dissociation
rate. Mutations in DCX found in patients with double cortex
syndrome disrupt thismechanism, demonstrating a link between
the biophysical parameters of the molecule and the disease
phenotype. Finally, we discovered that DCX binds to polymeriza-
tion intermediates at growing microtubule ends, providing
a mechanism by which DCX can specify 13-pf microtubules
in vitro.
RESULTS
DCX Measures Microtubule Thickness
Previous work showed that DCX, although difficult to see directly
by electron microscopy, caused 80 A˚ diffraction signals to
appear preferentially on 13-pf microtubules (Moores et al.,
2004). This observation indicated that DCX can ‘‘measure’’
microtubule thickness: in other words, the binding of DCX to
preexisting microtubules appeared to be sensitive to the number
of pfs in the lattice. In order to study how DCX could measure
microtubule thickness, we expressed and purified human DCX
and a green fluorescent protein (GFP)-tagged version of DCX
from Escherichia coli (Figure S1A available online). We confirmed
that our recombinant DCX and DCX-GFP were active using
a standard bulk-biochemistry assay that monitors the absor-
bance at 350 nm (A350), also called turbidity. Large polymers,
such as microtubules, cause scattering at this wavelength.
DCX and DCX-GFP were added to purified brain tubulin, which
caused a significant increase in A350 (Figures 1B and S1B), as
previously observed (Taylor et al., 2000). This experiment served
as a positive control for our protein expression and purification
protocols and confirmed that the GFP-tag on our DCX-GFP
does not affect the protein’s function in this assay.
In order to test whether the binding of DCX-GFP to microtu-
bules is sensitive to their thickness, we extended the single-
molecule fluorescence microscopy assay for microtubule-asso-
ciated proteins and kinesins (Gell et al., 2010) (Figure 1C). We
used controlled growth conditions to generate stable microtu-
bules of different thickness. As a positive control for 13-pf micro-Devetubules, we used sea-urchin axonemes as a nucleation template
(Figure 1D). Axonemes extend >90% 13-pf microtubules from
the A-tubule and the central pair (Ray et al., 1993). We also
generated microtubules with >96% 14-pf by polymerization
with GMPCPP, a slowly hydrolyzable analog of GTP (Meurer-
Grob et al., 2001) (Figure 1E). Both microtubule types have a
3-start helix and one ‘‘seam.’’ We introduced both types into
the same microscope chamber sequentially and distinguished
them by their order of introduction into the chamber (Figure 1E,
white arrow). Figure 1E shows an image taken when we exposed
these different microtubules to 0.5 mM DCX-GFP. The 13-pf
axoneme-nucleated microtubules showed a bright DCX-GFP
signal (I = 7,462 ± 655 arbitrary units [a.u.] for regions corre-
sponding to single microtubules (MTs), mean ± SD, n = 7 MTs),
while the GFP signal for 14-pf GMPCPP microtubules was
dimmer (I = 1,794 ± 83 a.u., n = 7 MTs), indicating a significant
preference (p 0.0001 by Welch’s t test). These results confirm
that DCX binds preferentially to 13-pf microtubules.
Wewondered if DCX-GFP could distinguish the 13-pf microtu-
bules from others in mixed populations. We polymerized tubulin
into microtubules with GTP and then stabilized them with pacli-
taxel. These microtubules will be present in a range of different
thicknesses, with an expected distribution ranging between
35% 13-pf (Ray et al., 1993) and 75% 13-pf microtubules
(Vitre et al., 2008) and the remainder consisting primarily of
14-pf microtubules (Figure 1G). We adhered microtubules from
this mixed population to a cover glass surface and introduced
0.5 mM DCX-GFP. Figure 1H shows a representative field of
view of paclitaxel microtubules. We observed that the DCX-GFP
signal could be divided into two subsets, one bright (I = 15,716 ±
337 a.u., n = 9MTs) and one dim (I = 1,783 ± 217 a.u., n = 9MTs).
We interpret the bright subset of microtubules as having 13-pf. In
support of this interpretation, the proportion of bright paclitaxel-
stabilized microtubules is in agreement with the expected
proportion of 13-pf microtubules in the population (55%, based
on n = 1.12 mm of microtubule length analyzed). Furthermore,
the 14-pf GMPCPPmicrotubules could be included in the exper-
iment as an internal control and distinguished by fluorescent
labeling (see Figure S1C). The DCX-GFP signal on the GMPCPP
microtubules was equivalent to the signal on the dim subset of
the paclitaxel microtubules (Figure S1D, p = 0.28, n = 9 MTs),
supporting the interpretation that the dim subset has 14-pf. We
also observed DCX-GFP binding to specific segments within
a single microtubule (Figure 1H, white arrow), indicating that
the microtubule changed thickness along its length. Similar
transitions in pf number were observed by electron microscopy
(Chre´tien et al., 1992) and may arise during growth or from
end-to-end annealing of microtubules of different thickness
(Rothwell et al., 1986). Our mixed population of microtubules is
therefore a useful tool for studying DCX-GFP, as we can exclude
variations in DCX-GFP binding based on microtubule nucleation
conditions, the fluorescent dye on tubulin, nucleotide state, and
stabilizing agents. Thickness measurement is robust; 13-pf
preference did not depend on ionic strength, the source of puri-
fied tubulin (porcine versus bovine), or the presence of a poly-
histidine purification tag (data not shown). In contrast to the
13-pf preference we observed for DCX, a control protein,
kinesin-1-GFP, did not show a preference and bound equally
to all microtubule types tested (Figures S1E–S1G).lopmental Cell 23, 181–192, July 17, 2012 ª2012 Elsevier Inc. 183
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Figure 2. DCX Undergoes a Cooperative Transition in Microtubule Binding
(A) Image of a mixed population of rhodamine-labeled microtubules.
(B) Left, image of 10 nM DCX-GFP exposed to a mixed population of microtubules taken with a 0.1 s camera exposure. Single DCX-GFP molecules were
observed as diffraction-limited signals (white arrow). Right, image of a 10 s summation (100 3 0.1 s frames) of DCX-GFP. No preference for 13-pf microtubules
could be measured.
(C) Image of 0.5 mM DCX-GFP exposed to the same microtubules as in (A), taken with a 0.1 s camera exposure. A clear preference for 13-pf microtubules is
evident.
(D) Plot of DCX-GFP intensity on the microtubules against the protein concentration in solution during titration of DCX-GFP into the microscope chamber. The
bright, 13-pf microtubules (blue squares) were distinguished from the dimmer, non-13-pf microtubules (red circles). Error bars represent the SEM (n = 10). For
curve-fitting, the data were fitted to the Hill equation, y = y0 + (ymax  y0) xnH / (KnH + xnH) (lines plotted).
See also Figure S2.
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that allows us to directly visualize different microtubule architec-
tures in vitro, something previously observable primarily in the
Moire´ patterns of electron microscopy images. These results
confirm that DCX can ‘‘measure’’ microtubule thickness: the
binding of DCX to microtubules is sensitive to their lateral curva-
ture, as specified by their pf number. The differences between
13-pf and 14-pf microtubules are subtle. Their diameters differ
by only 1 nm, while the arc-length between adjacent protofila-
ment grooves differs by less than 3 A˚, or the approximate diam-
eter of awater molecule (see Figures S1H andS1I for schematic).
Despite these small differences, DCX binds specifically to 13-pf
over 14-pf microtubules.
Thickness Measurement Is Cooperative
We were curious whether sensitivity to thickness is an intrinsic
property of individual DCX-GFP molecules. Put simply: could
a single molecule of DCX measure thickness? This might occur
if the binding site for DCX, which lies in the groove between
pfs (Fourniol et al., 2010), changes shape with microtubule thick-
ness and the affinity of DCX for the site (KA) changes with it. To
test for an intrinsic preference, we exposed a mixed population
of microtubules, shown in Figure 2A, to 10 nM DCX-GFP,
a concentration at which single DCX-GFP molecules could be
detected as diffraction-limited signals (Figure 2B, right, white
arrow). As shown in Movie S1, DCX-GFP bound transiently to
the microtubule lattice, and we observed many association
and dissociation events.We could not, however, detect any pref-
erence for microtubules of different thickness; the number of
binding events and their duration appeared similar for all micro-
tubules within the chamber. We confirmed this observation by
summing the frames in Movie S1, which is similar to increasing
the exposure time of the image. Longer camera exposures
and/or summations integrate over many binding and unbinding
events and will exaggerate any differences betweenmicrotubule184 Developmental Cell 23, 181–192, July 17, 2012 ª2012 Elsevier Intypes. Even with a summation over 10 s (100 frames), shown in
Figure 2B, there was no detectable preference for microtubules
of different thickness. Increasing the summation further still did
not reveal a preference, nor could we force a preference to arise
by varying buffer conditions such as ionic strength. This result
indicates that 13-pf specificity is not an intrinsic property of
a single DCX molecule and that the affinities are similar. When
we increased the concentration to 0.5 mM DCX-GFP, however,
and imaged the same population of microtubules, a distinct
preference became evident (Figure 2C). We then used these
distinctions to confirm that there was no statistically significant
difference between microtubules in our 10 s summation
(I = 33,699 ± 2,749 a.u. for 13-pf versus I = 32,278 a.u. ± 1,098
for non-13-pf, n = 7 MTs, p = 0.23). We interpret these results
as evidence for a cooperative transition in binding; in other
words, single DCX molecules do not bind specifically to 13-pf
microtubules, but groups of DCX molecules do.
To test this interpretation, we developed an assay for cooper-
ative binding using a continuous titration of DCX-GFP, in which
we measure the intensity of DCX-GFP along a microtubule as
a function of the DCX-GFP background intensity, which serves
as a readout for DCX-GFP concentration in solution. Figure 2D
shows a representative trace. Bright and dim subsets of micro-
tubules were readily observable. For bright, 13-pf microtubules,
we observed a sigmoid response, indicative of a cooperative
transition in DCX binding (Figure 2D, blue squares). For dim,
non-13-pf microtubules in the same experiment, a sigmoid
response in DCX binding was also apparent (Figure 2D, red
circles), although the trace was shifted rightward and the slope
of the linear portion of the response was decreased. As
a curve-fitting model, we used the Hill equation, which, for
13-pf microtubules, yielded a Hill coefficient of nH = 2.87 ±
0.01 and K = 0.57 ± 0.01 mM (n = 30) (Figure 2D, blue line).
Although the non-13-pf data did not saturate, we can extrapolate
and fit the data (Figure 2D, red line), with nH = 2.19 ± 0.02 andc.
Figure 3. DCX Decreases the Dissociation Rate of Its Neighbors
(A) Schematic of the single-molecule experiment.
(B) Image from the single-molecule experiment (top) showing a single DCX-
GFP (green) bound to a microtubule (red). Kymograph (bottom) depicting the
association and dissociation of DCX- GFP to/from the microtubule.
(C) Histogram of durations of DCX-GFP microtubule interactions. An expo-
nential curve fit, corrected for photobleaching, yields a mean lifetime of
interaction, hti = 0.9 s.
(D) Schematic of the ‘‘spiking’’ experiment, in which unlabeled DCX is added to
a low concentration of DCX- GFP.
(E) Image from the spiking experiment (top) showing single DCX-GFPs (green)
bound to a microtubule (red). Kymograph (bottom) depicting the association
and dissociation of DCX-GFP to/from the microtubule in the presence of
unlabeled DCX. Note the difference in timescale (red arrow) compared to (B).
(F) Histogram of durations of DCX-GFP microtubule interactions. An expo-
nential curve fit, corrected for photobleaching, yields a mean lifetime of
interaction, hti = 7.7 s.
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Doublecortin Makes 13-Protofilament MicrotubulesK = 1.23 ± 0.01 mM (n = 30). The change in both parameters is
statistically significant (p  0.0001 by Welch’s t test). The Hill
equation is phenomenological, however, so we cannot ‘‘base
any direct physical meaning’’ on the parameters (Hill, 1910).
As a noncooperative, negative control for our assay, we used
kinesin-1-GFP. We observed a linear increase in kinesin-1-GFP
intensity with increasing concentration in solution (Figure S2).
This control gave us confidence that our assay is not con-Devefounded by, for example, detection thresholds at low protein
concentrations that would flatten the left-most portion of
the curve.
The sigmoid response seen on non-13-pf microtubules shows
that cooperative binding can occur on all microtubules, but less
favorably than on 13-pf, both in terms of the increased point of
half-maximal saturation and the decreased slope of the
response. These results explain the fundamental mechanism
by which DCX binds specifically to 13-pf microtubules: DCX
undergoes a cooperative transition in its binding to microtubules
that is sensitive to the number of pfs. On 13-pf microtubules,
cooperativity is optimized; on non-13-pf microtubules, coopera-
tivity is below par.
Cooperativity Decreases the Dissociation Rate of DCX
What is the mechanism that causes cooperative binding
to microtubules? Cooperativity is commonly observed in
receptor-ligand binding studies (Lauffenburger and Linderman,
1993), for example, in the binding of acetylcholine to its receptor.
In these cases, the binding of additional ligands to a multivalent
receptor increases the affinity (KA) of every ligand for the
receptor. Often, the affinity increase is caused by a change in
the dissociation rate constant, kd, of the ligand. Specifically, kd
falls, and each additional ligand increases the lifetime of the other
ligands bound to the receptor. By analogy, we can consider
DCX-GFP as a ‘‘ligand’’ and themicrotubule lattice as a ‘‘multiva-
lent receptor.’’ The prediction of this line of reasoning is that the
lifetime of an individual DCX on the microtubule lattice will
increase with DCX concentration due to the presence of neigh-
boring DCX molecules. We tested this prediction by examining
the residence time of single DCX-GFPmolecules on themicrotu-
bule lattice. Under single-molecule conditions (Figure 3A), where
DCX-GFP molecules do not cooperate or measure thickness,
DCX-GFP dissociated from the microtubule rapidly. Figure 3B
shows a kymograph of these short-lived interactions. The inter-
action lifetimes of 10 nM DCX-GFP were distributed exponen-
tially (Figure 3C). We calculated an average lifetime of
hti = 0.9 s (n = 115 events) corresponding to kd = 1.1 ± 0.1 s1
when corrected for photobleaching. We then performed
‘‘spiking’’ experiments (Brouhard et al., 2008), where 10 nM
DCX-GFP was added to a much higher concentration of unla-
beled DCX (2 mM) interacting with the microtubule lattice (Fig-
ure 3D). Figure 3E shows a kymograph under these conditions,
and it is clear that single DCX-GFP molecules no longer dissoci-
ated rapidly. Rather, we measured an average lifetime of hti =
7.7 s (n = 301 events) (Figure 3F) corresponding to kd = 0.13 ±
0.02 s1 when corrected for photobleaching, a nearly 10-fold
change. Note the different timescales of the two experiments
(Figure 3E, red arrow), which were chosen to minimize photo-
bleaching in the spiking experiments. From these observations,
we conclude that the cooperativity of DCX binding is caused
byadecrease in kdwith increasing occupancyon themicrotubule
lattice. In other words, the presence of neighboring molecules
causes DCX to remain bound to the microtubule longer.
Patient Mutations in DCX Disrupt Cooperative
Interactions
Wewonderedwhether the cooperative interactions we observed
might be important for the interaction of DCX with microtubuleslopmental Cell 23, 181–192, July 17, 2012 ª2012 Elsevier Inc. 185
Figure 4. Missense Mutations Found in Human Patients Disrupt Cooperative Interactions
(A) Crystal structure of the N-DC domain (PDB: 2BQQ) showing the patient mutations used in this study.
(B) Homology model of the C-DC domain based on the N-DC structure (Fourniol et al., 2010) showing the patient mutations used in this study.
(C) Plot of T203R-DCX-GFP intensity on the microtubules against protein concentration in solution during titration of T203R-DCX-GFP into the microscope
chamber. The paclitaxel-MTs (blue) were plotted separately from the GMPCPP MTs (red). Error bars represent the SEM (n = 10).
(D) Kymograph depicting the association and dissociation of T203R-DCX-GFP to/from the microtubule in the presence of unlabeled T203R-DCX.
(E) Plot of R89G-DCX-GFP intensity on the microtubules against protein concentration in solution during titration of R89G-DCX-GFP into the microscope
chamber. The paclitaxel-MTs (blue) were plotted separately from the GMPCPP MTs (red). Error bars represent the SEM (n = 10). Data were fitted to the Hill
equation (lines plotted).
(F) Kymograph depicting the association and dissociation of R89G-DCX-GFP to/from the microtubule in the presence of unlabeled R89G-DCX.
(G) Top, image of T203R-DCX-GFP exposed to the two microtubule types. No preference for microtubule types was measured. Bottom, image of two types of
rhodamine-labeled MTs, dim paclitaxel microtubules (labeled, mixed-pf number) and bright GMPCPP-MTs (labeled, 14-pf).
(H) Plot of absorbance at 350 nm against time in the turbidity assay for wild-type DCX-GFP and N200K-DCX-GFP.
See also Figure S3.
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in DCX known to impair neuronal migration, namely those found
in patients with double cortex syndrome, would show, for
example, a decreased sigmoid response. We tested this hypoth-
esis by examining the effects of patient mutations on DCX
in vitro. Missense mutations in the DC domains fall into two cate-
gories: (1) substitutions found at surface residues and (2) substi-
tutions for hydrophobic residues embedded in the core ubiquitin
fold. This latter category is expected to causemisfolding of DCX.
We investigated the effect of 15 surface-residue mutations, 8 in
the N-DC domain (see Figure 4A) and 7 in the C-DC domain (see
Figure 4B), to determine if thesemutations affect the cooperativ-
ity of DCX. We selected mutations from familial as well as
sporadic cases of double cortex syndrome, covering >75% of
affected residues distributed across the surfaces of the DC
domains (Kim et al., 2003).
We introduced each mutation into our protein expression
constructs using site-directed mutagenesis and expressed and
purified mutant-DCX-GFP (see Figure S3). We tested each
mutant in cooperativity assays with both paclitaxel microtubules
(mixed-pf number) and GMPCPPmicrotubules (14-pf), which we
distinguished by fluorescence intensity. We also tested each
mutant in the turbidity assay in order to determine if the mutation186 Developmental Cell 23, 181–192, July 17, 2012 ª2012 Elsevier Inaffected the bulk rate of microtubule formation. Our assays
allowed us to document three classes of biochemical defect
in mutant DCX: (1) disrupted cooperative interactions and
decreased microtubule binding, (2) loss of 13-pf specificity,
and (3) reduced performance in the turbidity assay. The results
are surveyed below.
The most prominent phenotype was a decreased sigmoid
response in the cooperativity assay. An example of loss of coop-
erative binding is shown in Figure 4C, which shows the results for
the switch of a threonine to an arginine at position 203 (T203R,
see Figure 4B), a mutation found in both familial and sporadic
cases. The increase in signal appeared much less sigmoid
than wild-type DCX (Figure 4C). To confirm that the reduced
sigmoid response corresponded to weakened nearest-neighbor
interactions, we performed ‘‘spiking experiments’’ for T203R-
DCX (see Figure 3). Unlike wild-type, T203R-DCX-GFP dissoci-
ated rapidly from the microtubule even with a high concentration
of unlabeled T203R-DCX in the background (Figure 4D), indi-
cating that cooperative interactions are impaired. Because the
lack of clear saturation makes fitting the Hill equation unreliable,
we compared the slope of the linearly increasing portion of the
T203R response to wild-type and noted a significant decrease
(p  0.0001, n R 10 MTs). All 15 mutants tested showedc.
Table 1. Compiled Data for Patient Mutations
Mutation N-DC Origin Relative Slope 13-pf? Mutation C-DC Origin Relative Slope 13-pf?
S47R Familial 0.43 + R178L Familial 0.22 
Y64N Sporadic 0.12 + P191R Sporadic 0.46 
A71S Familial 0.14  R192W Familial 0.33 +
R76S Familial 0.38  N200K Sporadic 0.58 
R78H Sporadic 0.11  T203R Both 0.18 
D86H Familial 0.37 + T222I Sporadic 0.21 
R89G Familial 0.33  G223E Sporadic 0.03 
R102S Unknown 0.23  – – – –
Left, mutations in the N-terminal DC domains are listed in the first column, followed by a column reporting the origin (familial, sporadic, or both),
a column reporting the relative slope of the linearly increasing portion of the response curve (normalized to the slope of the 13-pf wild-type curve,
Figure 2D, blue), and a column reporting whether themutant binds preferentially to 13-pf microtubules (+, yes,, no). Right, mutations in the C-terminal
DC domains listed are listed, followed by the same columns described above. See also Figure S4.
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tions (e.g., R78H) and C-DC mutations (e.g., T222I) showed
a severely impaired response, indicating that both domains
play a role in cooperative interactions. Although single-molecule
affinities may also be affected, the consistency of the decreased
sigmoid response as a phenotype indicates that cooperative
interactions are at the core of the DCX mechanism.
The majority of mutants showed a severely disrupted re-
sponse (e.g., R78H), with slope parameters <25% of wild-type.
Other mutants retained signs of a cooperative transition in
binding, albeit an impaired one. For example, we examined the
switch of an arginine to a glycine at position 89 in the N-DC
domain (R89G). This mutation causes a mild form of double
cortex syndrome (Gleeson et al., 1998). Figure 4E shows the
results from the cooperativity assay, and the response appears
sigmoid. Nevertheless, R89G-DCX-GFP also dissociated rapidly
from the microtubule in the ‘‘spiking experiment’’ (Figure 4F). In
addition, the slope of the linearly increasing portion of the
response was significantly decreased and the point of half-
maximal saturation was shifted rightward. In other words,
a weakened cooperative transition occurred at a higher concen-
tration in solution.
In Figures 4C and 4E, the data for paclitaxel microtubules
(mixed-pf number) and GMPCPP microtubules (14-pf) were
plotted separately. To our surprise, T203R-DCX and R89G-
DCX bound to the paclitaxel and GMPCPP microtubules equiv-
alently (Figure 4G), indicating that these patient mutations
disrupt the specificity for 13-pf microtubules. For 11 of 15 muta-
tions that we tested, the data for paclitaxel microtubules were
statistically equivalent to the data for GMPCPP microtubules.
We interpret this result as evidence that 13-pf specificity is finely
tuned and easily disrupted.
Finally, we tested our mutants in the turbidity assay in order to
determine if the mutation affected the bulk rate of microtubule
formation. For all mutations, we observed a significant increase
in A350, demonstrating that mutated DCX can stimulate microtu-
bule formation, although never to peak wild-type levels (e.g.,
N200K, Figure 4H). Therefore, the disease phenotype is not
explainable by a complete loss of function in this bulk assay, in
contrast to previous findings (Taylor et al., 2000).
Table 1 summarizes the data for all 15 mutations (for individual
curves, see Figure S4). These biochemical defects are not theDeveonly possible explanation for double cortex syndrome in these
patients. Localization defects, premature degradation, and/or
aberrant posttranslational modifications could also contribute
to the disease phenotype, but our results document a specific
loss of function in terms of a decreased sigmoid response and
impaired cooperative binding to microtubules. We attempted
to correlate the severity of the biochemical defects with the
severity of the disease phenotype. The clinical literature on
double cortex syndrome patients is heterogeneous, so it is not
possible to rank the severity of mutations. For four of the muta-
tions we tested, the relative thickness of the subcortical hetero-
topic band was reported. The ‘‘thick’’ band mutant (G223E) (des
Portes et al., 1998a) had a low slope parameter; mutations that
produced ‘‘thin’’ bands (Matsumoto et al., 2001) were better
(R89G and R192W); the slope parameter for a ‘‘moderate’’
band (T203R) (Matsumoto et al., 2001) lay in between. We
expect, however, that the diverse genetic background of
patients, as well as the mosaicism due to X-inactivation (Matsu-
moto et al., 2001), will contribute significantly to the penetrance
of individual mutations.
DCX Tracks Microtubule Ends In Vitro
Although DCX is often considered a microtubule stabilizing
protein, we remained curious as to the mechanism underlying
the specification of 13-pf microtubules in vitro. Starting from first
principles, there are two ways to specify 13-pf microtubules
without a g-TuRC template. In the first, a nucleation reaction
produces an initially heterogeneous population of microtubules.
DCX stabilizes the 13-pf fraction over the others; the non-13-pf
fractions undergo catastrophes and, over time, the population
evolves toward homogeneity (Figure S5A). In the second, DCX
acts earlier by binding to intermediates that occur during the
polymerization process (Figure S5B), such as small oligomeric
species (Figure S5B, i) ormicrotubule end structures (Figure S5B,
ii). These polymerization intermediates are made of GTP- or
GDP$Pi-tubulin and may also have a sheet-like structure (Erick-
son, 1974; Chre´tien et al., 1995).
Our data show that preferential binding to 13-pf microtubules
occurs only within a certain concentration range, above which all
microtubules saturate (see Figure 2D), and that DCX-GFP binds
to 14-pf microtubules within this range, albeit at lower levels.
These observations made us skeptical that DCX could stabilizelopmental Cell 23, 181–192, July 17, 2012 ª2012 Elsevier Inc. 187
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Figure 5. DCX Tracks Microtubule Ends
(A) Schematic of the single-molecule dynamic assay. A dynamic microtubule
(labeled) grows by extension of a GMPCPP-seed microtubule (labeled)
adhered to a cover glass surface.
(B) Image (top) and kymograph (bottom) depicting the interaction of 5 nM
DCX-GFPwith a dynamicmicrotubule. A bright DCX-GFP signal is observed to
track the growing microtubule end.
(C) Image (top) and kymograph (bottom) depicting the interaction of 50 nM
DCX-GFP with a dynamic microtubule. A bright DCX-GFP signal is observed
along the entire length of the microtubule extensions but the GMPCPP-seed
microtubule is dimmer.
See also Figure S5.
Figure 6. Model Schematic for the Mechanism of DCX
(A) The microtubule is depicted as an array of binding sites (numbered). DCX
binds to microtubules in the groove between protofilaments, at the vertex of
four tubulin dimers. In the absence of nearby molecules (top), DCX associates
with an association rate constant, ka and dissociates with a dissociation rate
constant, kd1. In the presence of nearby molecules (bottom), the dissociation
rate constant falls (kd2 < kd1).
(B) The affinity of DCX for microtubules is highest for microtubule end struc-
tures (left), intermediate for the 13-pf microtubule lattice (center), and lower for
the 14-pf microtubule lattice (right).
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(2004). Therefore, we looked for evidence that DCX interacts
with polymerization intermediates by visualizing the interaction
of DCXwith dynamicmicrotubules.We prepared a flow chamber
in which antibodies specific to rhodamine were used to adhere
GMPCPP-stabilized, rhodamine-labeled microtubule seeds to
the cover glass surface (Figure 5A). We introduced 10 mM tubulin
and 5 nM DCX into the flow chamber. Microtubules grew by
extension from the microtubule seeds and, remarkably, a bright
DCX-GFP signal was observed at the growing microtubule end
(see Figure 5B and Movies S2 and S3). In other words, DCX is
an end-tracking protein; Figure 5B shows a kymograph of DCX
end-tracking, which appears similar to data for the canonical
end-tracking protein EB1 (Bieling et al., 2007). The bright DCX-
GFP signal at growing microtubule ends was well-described by
a Gaussian distribution (data not shown), indicating that the
structural or biochemical feature that DCX-GFP recognizes is
within the diffraction limit under these conditions. We repeated
the experiment with a higher concentration of DCX-GFP
(50 nM). In this case, the entire microtubule extension showed
a bright DCX-GFP signal, although the 14-pf GMPCPP seed re-
mained dimmer (see Figure 5C and Movie S4). Figure 5C shows
a kymograph of DCX binding preferentially to the microtubule188 Developmental Cell 23, 181–192, July 17, 2012 ª2012 Elsevier Inextension. This result suggests that a transition occurred in the
number of pfs as the 14-pf GMPCPP seed was elongated.
DCX was not responsible for this pf-number transition, however,
as we could detect it on microtubules elongated from GMPCPP
seeds in the absence of DCX. These results demonstrate that the
affinity of DCX-GFP is highest for growing microtubule ends,
intermediate for the 13-pf lattice, and lower for the 14-pf lattice.
DISCUSSION
Flexibility in the links between pfs allows microtubules to form in
a range of thicknesses. We established a fluorescence micros-
copy assay that showed the binding of DCX to be sensitive to
microtubule thickness. It is our hope that this assay will serve
as a general tool for interrogating microtubule structure by fluo-
rescence. We discovered that DCX binds to microtubules coop-
eratively in a manner optimized for 13-pf microtubules. Based on
our results, we propose the following mechanism (Figure 6A).
When a single DCX binds to the microtubule lattice without other
DCX molecules nearby, it dissociates rapidly (Figure 6A, top). In
the presence of adjacent DCX molecules, however, an interac-
tion occurs that stabilizes each of the DCX molecules involved,
decreasing their dissociation rate constant (Figure 6A, bottom).
Missense mutations found in patients with double cortex
syndrome caused a failure in this mechanism, although single-
molecule affinities may also be affected. Taylor et al. (2000)
studied the effects of four patient mutations in the turbidity
assay. They observed reduced absorbance for all four mutantsc.
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polymerization is still unclear.’’ We have defined this defect,
namely that mutant DCX shows a loss of cooperative micro-
tubule binding.
We do not know the structural basis of the cooperative interac-
tion. There are observations, however, that constrain any model
for how DCX binds cooperatively to 13-pf microtubules. First,
a single DC domain binds to microtubules at the vertex of four
tubulin dimers (Fourniol et al., 2010) and the microtubule satu-
rates at one full-length DCX molecule per vertex (Moores et al.,
2006). This tells us that 75% of the molecule, including a DC
domain, probably extends into solution at saturation. The
domain that fills the vertex ismost likely the N-DC domain, based
on the superior docking of the N-DC structure into the EM
density map (Fourniol et al., 2010), leaving the C-DC domain
and SP-rich tail domain to extend into solution. Additionally,
the DC domains are divergent in their primary sequence (Reiner
et al., 2006) and differ both in their distribution of surface charge
(Fourniol et al., 2010) and the compactness of their fold (Kim
et al., 2003).
The cooperative interaction is either direct or indirect (or both).
In our reconstitution experiments, an indirect interaction implies
an allosteric process wherein the binding of one DCX molecule
changes the conformation of an adjacent binding site. The finding
that some mutants can bind to the microtubules with weakened
cooperative interactions suggests thatmicrotubule binding alone
is not sufficient to trigger allostery. Alternatively, adjacent DCX
molecules may contact each other directly. There are two
findings that temper this idea as well. First, EM density maps
resolved only a single DC domain (Fourniol et al., 2010), so direct
interactions between adjacent molecules must be sufficiently
flexible that the image averaging employed in EM reconstruction
has made them invisible. Flexibility may originate from heteroge-
neity in the orientation of the linker sequence as it emerges from
the N-DC domain, which is observed in the available atomic
structures (Cierpicki et al., 2006). Second, DCX was shown to
be monomeric in the absence of microtubules by analytic ultra-
centrifugation (Moores et al., 2006). Therefore, any direct interac-
tions may be microtubule-dependent. Microtubule-mediated
oligomerization has been observed previously for the kineto-
chore protein Ndc80 (Ciferri et al., 2008) and for Ase1, a micro-
tubule-crosslinking protein in Schizosaccharomyces pombe
(Kapitein et al., 2008). We currently favor a model of direct inter-
actions based on the results for the mutants, but our present
knowledge is not sufficient to close the case.
DCX was the first protein after the g-TuRC to specify 13-pf
microtubules in nucleation reactions in vitro (Moores et al.,
2004). We considered two models that could explain this
phenomenon: selective stabilization and interaction with poly-
merization intermediates. By visualizing the interaction of DCX-
GFP with dynamic microtubules, we made the discovery that
DCX tracks microtubule ends like the canonical end-tracking
protein EB1, demonstrating that the affinity of DCX is highest
for microtubule ends (Figure 6B). This result provides direct
evidence for the polymerization intermediates model. Polymeri-
zation intermediates are made of GTP- or GDP$Pi-tubulin. In
addition to their nucleotide state, polymerization intermediates
may differ structurally from the microtubule lattice. Electron
microscopy of microtubule ends has shown elongated, curvedDeveprotofilaments, often interpreted as sheet-like structures (Chre´-
tien et al., 1995), and early observations of spontaneous-nucle-
ation intermediates also reported sheet-like fragments of the
microtubule wall (Erickson, 1974). Indeed, tubulin polymerized
with the GTP-analog GMPCPP can form sheet-like helical
ribbons (Wang and Nogales, 2005), indicating that the nucleotide
state of tubulin and the structure of the polymer are linked. EB1
has been shown to bind preferentially to microtubules polymer-
ized with GTP-analogs, first GMPCPP (Zanic et al., 2009) and
then GTPgS (Maurer et al., 2011), indicating that EB1 recognizes
the nucleotide state of the lattice. EB1, like DCX, binds to micro-
tubules at the vertex of four tubulin dimers (Maurer et al., 2012),
where it contacts the helices of tubulin that coordinate nucleo-
tide hydrolysis. We note that EB1 has also been shown to
promote the formation of 13-pf microtubules (Vitre et al., 2008),
although EB1 does not bind well to the lattice like DCX. Never-
theless, the common binding site and the shared features of
end-tracking and 13-pf promotion suggest that interaction with
polymerization intermediates at the vertex of four tubulin dimers
is a robust mechanism for influencing microtubule structure.
Neurons and other cells must control the size of individual
microtubules not only with respect to their length but also their
thickness. The most conservative interpretation of our data is
that DCX stabilizes microtubules in the leading process of
a migrating neuron by cooperative interactions, a mechanism
distinct from other known MAPs, and that DCX has evolved to
perform this duty optimally on 13-pf microtubules, which are,
after all, its native substrate. The observation that DCX increases
the number of 13-pf nuclei formed in vitro has also led to the
proposal that DCX nucleates new microtubules in neuronal
processes, making it a microtubule nucleation factor distinct
from g-TuRC (Moores et al., 2004). At present, the data onmicro-
tubule dynamics in cultured neurons depleted of DCX or taken
from knockout mice are not sufficient to distinguish between
these models.
New microtubules are assembled locally in neuronal pro-
cesses (Ma et al., 2004), which are devoid of g-TuRC (Baas
and Joshi, 1992). Furthermore, recent data showed that centro-
somes are dispensable for axon elongation (Stiess et al., 2010),
indicating that newmicrotubules come from either noncentroso-
mal g-TuRC’s or from an independent nucleation pathway. It is
now well established that noncentrosomal g-TuRC’s nucleate
microtubules in many contexts (Lu¨ders and Stearns, 2007), but
there is also evidence for a g-TuRC-independent nucleation
pathway in metazoans. In Caenorhabditis elegans, for example,
RNAi of g-tubulin did not eliminate the microtubule cytoskeleton
(Hannak et al., 2002) and new microtubules continued to
emanate from the centrosome (Srayko et al., 2005). Likewise,
Drosophila S2 cells continued to nucleate large numbers of
microtubules after RNAi of g-tubulin (Mahoney et al., 2006).
The molecules involved in these independent pathways remain
uncharacterized.
At present, we can only say that DCX nucleates 13-pf microtu-
bules in vitro. In this context, howwould DCX function as a nucle-
ation factor? Broadly, a nucleation factor either (1) directly
provides or (2) helps monomers form a template for the elonga-
tion of a polymer. The g-TuRC uses the first mechanism: it
directly provides a preformed ‘‘lock-washer’’ template for
13-pf microtubules (Kollman et al., 2010). Similarly, the Arp2/3lopmental Cell 23, 181–192, July 17, 2012 ª2012 Elsevier Inc. 189
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persists at the base of new daughter filaments (Volkmann
et al., 2001). The actin cytoskeleton, however, has other nucle-
ation factors. One such nucleator, Drosophila Spire, binds
several actin monomers in solution and arranges them into
a stable nucleus (Quinlan et al., 2005). This mechanism is distinct
from g-TuRC and Arp2/3 in that Spire binds to the sides, not the
base, of the new polymer and helps actin monomers form their
own template, rather than directly providing one. DCX acts as
a Spire-like nucleation factor for microtubules, where the inter-
action with polymerization intermediates assembles tubulin
dimers into a 13-pf nucleus.
EXPERIMENTAL PROCEDURES
Expression andPurification ofDCX, RelatedConstructs, andControl
Proteins
The coding sequence for human DCX (accession number NP_835365) was
PCR amplified using PfuX7 polymerase (Nørholm, 2010) and cloned into
a pHAT protein expression vector as described (Bitinaite et al., 2007). The
pHAT vector contained an N-terminal poly-His tag followed by a PreScission
site and a C-terminal EGFP-tag followed by aStrep-tag II (Schmidt and Skerra,
2007) for affinity purification. A detailed purification protocol can be found in
the Supplemental Experimental Procedures. The eluted DCX-GFP or other
proteins were >99% pure (e.g., Figure S1A). Missense mutations were intro-
duced using site-directed mutagenesis by the Kunkel method (Kunkel,
1985). The cDNA for a constitutively active rat kinesin-1-GFP (rKin430-GFP)
was a gift of Dr. Rob Cross to Dr. Jonathon Howard (Rogers et al., 2001).
rKin430-GFP was expressed and purified as described (Varga et al., 2009).
Total Internal Reflection Fluorescence Microscopy
The single-molecule assay for kinesins and microtubule-associated proteins
was performed as described (Gell et al., 2010), with specific modifications
described in the Supplemental Experimental Procedures. The standard
imaging buffer is BRB80 (80 mM PIPES, 1 mM EGTA, 1 mM MgCl2) + 10 mM
paclitaxel + 0.1 mg/ml BSA + antifade reagents. Camera gain settings and
laser powers were chosen to maximize the sensitivity and dynamic range of
the camera, which prevents direct comparisons in intensity values between
experiments in some cases. All experiments reported were repeated in
a minimum of three independent trials.
Bulk-Phase Microtubule Polymerization Assay
The formation of microtubule polymer was followed as the absorbance of
350 nm light using a Cary 300 Bio UV-Visible spectrophotometer (Varian
Inc., Agilent Technologies, Santa Clara, CA). The tubulin concentration was
10 mM in BRB80 + 1 mM GTP. The concentration of recombinant protein
(DCX-GFP, etc.) was 1 mM.
Tubulin and Microtubule Preparations
Tubulin was purified from juvenile bovine brain homogenates as described
(Ashford et al., 1998). Labeling of cycled tubulin with Alexa Fluor 546 or TAMRA
(Invitrogen) was performed as described (Hyman et al., 1991). Tubulin was
polymerized into microtubules of different thickness as follows: (1) 13-pf
microtubules were nucleated from sea urchin sperm axonemes, (2) 14-pf
microtubules were nucleated using GMPCPP, and (3) mixed-pf microtubules
were nucleated with GTP and stabilized with paclitaxel. Detailed protocols
can be found in the Supplemental Experimental Procedures.
Continuous Titration Assay
A microscope chamber was prepared with a mixture of paclitaxel-MTs and
GMPCPP-MTs. The chamber was placed on the microscope and an appro-
priate field of view was identified near the center of the imaging chamber.
We prepared a high-concentration mixture of the protein of interest in imaging
buffer, e.g., 1.5 mM DCX-GFP. A large drop of this concentrated solution was
placed on one side of the open microscope chamber. Diffusion of the concen-
trated solution into the microscope chamber creates a continuous gradient of190 Developmental Cell 23, 181–192, July 17, 2012 ª2012 Elsevier Inprotein concentration that spreads over time. At this point, a streaming-video
acquisition of 10 fps was initiated. After video acquisition began, we used
a piece of prewetted chromatography paper to slowly draw the protein-
containing mixture through the microscope chamber. The intensities of
n R 10 MTs were measured using the Linescan feature of MetaMorph
(Universal Imaging). The mean of these intensities was plotted against the
background intensity, which served as a readout for protein concentration in
solution, of a region that did not contain microtubules. Regions corresponding
to 13-pf and non-13-pf microtubules were identified in frames of the movie
where 13-pf specificity was most pronounced; in the absence of 13-pf speci-
ficity (e.g., for rKin430-GFP), the paclitaxel-MTs and GMPCPP-MTs were
binned separately. The data were fit to the Hill equation using OriginPro 8.5
(OriginLab, Northampton, MA).Single-Molecule Image Analysis
Single-molecule particle tracking was performed as described (Helenius et al.,
2006) using the Kalaimoscope software package (Transinsight GmbH,
Dresden, Germany).SUPPLEMENTAL INFORMATION
Supplemental Information includes five figures, four movies, and Supple-
mental Experimental Procedures and can be found with this article online at
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